Cultivation can substantially change soil quality through improvement or degradation of the physical and chemical characteristics. Vineyard soils are sensitive to soil changes due to the intensive chemical input. This study assesses the soil fertility changes in vineyard soils of the São Francisco valley in Northeastern Brazil during different cultivation time spans (5, 6, 8, 10, 12, 15, and 16 years). An area with natural vegetation (Caatinga) was used as a reference area. We analyzed pH, exchangeable contents of Ca, Mg, Na, K, and Al, potential acidity (H+Al), available P, total organic matter, sum of bases, CEC, Al saturation, and base saturation at depths of 0-20 and 20-40 cm. Univariate and multivariate analyses were used for data evaluation. The results showed that soil fertility changes were closely related to cultivation time spans. Contents of organic matter, Ca, Mg, and K were increased in most of the vineyard soils. The management of P fertilization deserves attention as the very high concentrations in soil are prone to leach and can contribute to triggering eutrophication. Discriminant and factor analyses proved to be useful tools for distinguishing the effects of management in the cultivated areas and helping to achieve sustainable land use in such fragile agro-ecosystems.
Introduction
The São Francisco Valley is the largest producer and exporter of fine table grapes in Brazil. To meet the high production demand, intensive chemical input through fertilizers and pesticides is needed (Freitas et al., 2011; Brasil, 2014) . Several factors need to be managed effectively to achieve high yields, especially irrigation, fertilization, and chemical control. Therefore, studies on the effects of agricultural practices on soil quality and sustainability are of paramount importance, especially for crops with intensive chemical input (Serrano et al., 2017) .
The São Francisco Valley is located in a semiarid region of Northeastern Brazil and has one of the largest public irrigation projects in the country. Soils in this valley are generally sandy and present very low levels of organic matter (OM) and phosphorus. These characteristics make the soils very fragile towards chemical alteration. Vineyards are often planted after removing the natural Caatinga vegetation to introduce crops. The removal of the natural cover, the addition of fertilizers, and intensive agricultural operations have triggered changes in the chemical properties of soils in this region (Silva et al., 2014) . These changes can affect both crop yield and the quality of the soil environmental (Fernández-Calviño et al., 2010; Wightwick et al., 2013; Duplay et al., 2014; Silva et al., 2014; Brunori et al., 2016; Preston et al., 2016) , resulting in either improvement of the soil properties or accelerated soil degradation (Jiao et al., 2012) .
Irrigated soils commonly undergo chemical, physical, and biological changes in a relatively short time and with magnitude that varies as a function of soil management, fertilizer use, water quality and quantity, and chemical and physical soil characteristics (Schmitt et al., 2013) . For instance, changes in OM contents, cation exchange capacity (CEC), pH, ion dynamics, and aggregation occur when the soil is subjected to tillage and the incorporation of crop residues. Furthermore, the widespread use of phosphate fertilizers and cupric fungicides has increased the concentration of trace elements in vineyard soils, leading to transfer of these elements at toxic levels to humans and animals via the food chain (Fernández-Calviño et al., 2012; Wightwick et al., 2013) . These changes become more evident as the length of the cultivation time in the area increases (Preston et al., 2016) . The concern is even greater for sandy soils due to their very low adsorption capacity for ions and pesticides.
Considering the fragile vineyard soils in the São Francisco Valley and the intensive agricultural system, multi-temporal studies to assess soil fertility changes are essential for soil sustainability. Most of the studies on vineyard soils were carried out in temperate and subtropical settlements and focused mainly on carbon balance, biomass production, and contamination of vineyard soils (Santos et al., 2013; Schmitt et al., 2013; Brunori et al., 2016) . Additionally, data are very scarce for vineyard soil changes under cultivation in arid and semiarid regions. To fill this gap, this study assesses the changes in soil fertility in vineyard areas in the São Francisco Valley under different cultivation time spans using univariate and multivariate statistical analyses.
Materials and Methods

Study area and experimental set-up
Soil samples were collected in vineyards of Petrolina, Pernambuco State, Brazil. Geographic coordinates and soil classification for each area are shown in Figure 1 .
The climate is classified as Bswh' according to the Köp-pen classification. The annual average air temperature and rainfall are approximately 26 °C and 541 mm, respectively. The vineyards are irrigated using sprinklers and drip systems (Teixeira, 2010) , and water quality is within the acceptable limits of salinity and sodicity. the planting row. These samples were them mixed up to form a composite sample. A similar procedure was carried out in the reference areas.
Chemical and physical analyses
The samples were air dried and passed through a 2-mm sieve. calculate the values for the sum of bases (SB), total (T) and effective (t) cation exchange capacity, base saturation (V%), and Al saturation (m%). The particle size of soil samples was analyzed using the densimeter method as described by Embrapa (2011).
Statistical analysis
The study was conducted with an 8 x 2 x 2 factorial design (eight cultivation times, two environments, and two depths) with three repetitions, 
Results and Discussion
There was a significant difference (P<0.05) in OM content between the cultivated areas and the ref- (Table   2 ). Organic matter is important for soil structure, nutrient retention, and thus for the quality of the sandy soils from this region. As expected, there was a reduction in the organic matter content with increasing depth in both the cultivated areas and in the reference areas. Preston et al. (2016) observed high positive correlation (p<0.01) between organic matter and Cu in the same studied region, which indicate the low mobility of Cu in the soil.
Furthermore, the positive correlation between Cu and organic matter shows that OM probably act as a main metal reservoir in vineyard soils (Duplay et al., 2014; Gómez-Armesto et al., 2015) . This fact might ameliorate vineyard soils of a semiarid region known as the largest center of irrigated fruit production in Brazil.
There was no significant difference in the OM contents in the area cultivated for 6 years at all depths (Table 2 ). This may be related to the fact that this is an experimental area of Embrapa Semiárido, and the amounts of added manure and plant residues are lower than those regularly used in areas belonging to export companies. There was also no significant difference in the OM content in the area under cultivation for 5 years at depths of 20-40 cm (Table 2 ). This may be due to the more recent application of manure, which would not have been mineralized, resulting in limited mobilization towards subsurface layers.
Areas under cultivation for 15 and 30 years had
higher OM values for both depths than the reference areas ( The correlation between OM and P at 20-40 cm in the cultivated areas is probably due to the application of P in the form of manure and other organic sources that are prone to transport P into the subsoil.
The regular use of animal manure, root exudation, and the metabolism of microorganisms can continuously maintain the blocking process of P adsorption sites. Organic acids with a high molecular mass (humic and fulvic acids) remain in soil longer and are more effective in the complexation of toxic elements such as Al. Therefore, these compounds can be more important than low-molecular-mass organic acids in the inhibition of P adsorption in soil (Pavinato and Rosolem, 2008) . Furthermore, the cover crop provided during long-term cultivation changed the soil P dynamics as well. It occurs mainly due to P recycling mobilized into crop residues and the colonization of microorganism mobilizers of P in the rhizosphere (Tiecher et al., 2015) .
High levels of available P were found in soils (Table   2 ) due to the cumulative effects of high rates of P applied via fertirrigation. Environmentally speaking, phosphate fertilizers have been widely used to ameliorate soils contaminated with Pb due to their strong affinity (Lin et al., 2005) . However, the sandy soils of the study areas (Table 1 ) present a very low capacity for P adsorption. The high mobility of phosphates in the soil profile given the increased values found in the subsoil indicate that the maximum P adsorption is easily met. Considering the nearness of the vineyards to the São Francisco river, problems related to eutrophication must be kept in mind. In other words, phosphate fertilizers applied in soils from this semiarid region exceeded the plant demand and part of this amount may reach the water resources owing to the sandy texture and low Fe oxide content (Preston et al., 2016) .
The P concentration in soils was significantly different between the reference and cultivated areas in both soil layers (Table 2 ). Values for available P are extremely high in the cultivated areas. It is unlikely that soils with such high values of available P would be responsive to P fertilization. For instance, the areas under cultivation for 5 and 10 years showed P values of up to 1035 and 535 mg dm -3 , respectively. P contents in these soils were 159 and 178 times greater than those in the reference areas. At depths of 20-40 cm, P values in these areas were 157 and 405 times as high as those measured in the reference areas, which is consistent with the large amounts of P prone to leaching.
These two areas belong to large companies that apply large amounts of mineral fertilizers, agrochemicals, and other agricultural inputs. The high amount of P was due to the cumulative effects of the high P rates applied via irrigation in this region. Even sandy soils can accumulate high amounts of P by either P adsorption or precipitation in case long-term and successive phosphate fertilization is used (Schmitt et al. 2013 ).
The leaching of P is also very high in these soils, being essential to reduce P inputs.
Ca contents in cultivated areas were significantly different from those in the reference areas at the two depths analyzed, with greater values found in cultivated areas (Table 2 ). This increase may have oc- (Table 2 ). This change may be due to the effect of liming, which increases Ca and Mg content and reduces H+Al content in soil. In this region, the use of magnesium sulfate is common in both soil and foliar fertilization.
Ca and Mg values similar to those found at 0-20 cm in the cultivated and reference areas were also observed at 20-40 cm in the two analyzed environments (Table 2) . This was probably due to the organic complexation of these cations and their subsequent movement into subsurface. According to Franchini et al. (2001) , the movement of Ca and Mg can be explained by organic complexation of these cations; however, this complexation also depends on the plant residues in the soil surface. The decomposition of plant residues from the soil surface gives rise to water-soluble organic compounds, which have been known to be responsible for the complexation of Ca in surface layers, followed by migration in the soil profile (Gatiboni et al., 2003) . These Ca and Mg contents in the subsurface could also have occurred due to the sandy texture of the soil and the low cation retention capacity in the study areas (Table 1) , which left cations free in solution.
In general, K contents differed significantly (P<0.05)
between the cultivated and reference areas for both depths ( Table 2) Table 3 ). Araújo et al. (2000) found a similar correlation for pH and Ca in soils cultivated with cassava and in native forest. Overall, the pH values of reference areas were lower than those of cultivated areas (Table 1) .
The CEC Phosphorus was the nutrient with the highest differences between the reference and cultivated areas, regardless of depth (Table 2 ). This reflects the great amounts of P applied to soils. These values probably exceed plant requirements, which Schmitt et al. Factor 2 showed high positive and negative loadings on pH (0.77) and Al (-0.93). The opposite association between P and sand content confirms that P movement towards deep layers is mainly governed by soil texture (Silva et al., 2014) . Therefore, the high and continuous application of P in these soils increases the potential of P leaching and contamination of surface and underground waters (Pizzeghello et al., 2011) .
Other studies have shown that land use changes can modify P concentration and bioavailability (Redel et al., 2015) . In contrast with other vineyard regions, in which metal contamination is the main environmental concern (Mackie et al., 2012; Navel and Martins, 2014) , vineyard soils in São Francisco Valley are prone to P leaching and subsequent eutrophication.
These sandy soils are more prone to leaching of nutrients (ions) and pesticides; this is due the low adsorption capacity of these soils. Therefore, these soils are (more easily than clay soils) a source of P and contaminants to other ecosystem compartments. Thus, best practices for management of P fertilization are essential to guarantee environmental sustainability (Balemi and Negisho, 2012) . According to Junior et al. (2016) , the input of crop residues plays an important role in reducing water and sediment losses. Schmitt et al. (2013) observed that long-cultivated vineyard soils under continued phosphate fertilization pose risk of contamination due to the high amount of P desorbed into surface and underground water. These studies showed that P equilibrium concentration can be properly used as an environmental indicator of P leaching.
Conclusions
In general, the transformation of Caatinga areas into cultivation fields increased pH and soil fertility.
However, the management of the phosphate fertilization deserves attention since vineyards are among the most vulnerable sites affected by soil erosion processes, indicating a risk of surface water contamination. The intensive P application, especially via fertirrigation, built up the available P in soils to levels far beyond the amounts that grapes require.
As a result of the low P adsorption capacity of the soils, high amounts of the element are prone to leach and can contribute to triggering eutrophication processes. Thus, best practices for the management of P fertilization are essential to guarantee high grape quality and environmental sustainability. The use of discriminant and factor analyses proved to be useful for distinguishing natural and cultivated areas, as well as aiding management practices that can preserve this fragile agroecosystem.
